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All mature living organisms possess relatively constant potential
differences ibetween any two points. To some extent, at least, these
standing potential differences are a measure of an electrical reservoir,
which may be called upon by the various organ systems during
activity. They can be measured at all times during life and dis-
appear upon death. They are arranged in characteristic patterns
and define in a rigorous sense an electrodynamic field within the
organism. Field changes have been shown to occur as correlations
of fundamental biological activity. This is particularly true of the
phenomenon of growth. The relationship has been pointed out by
Mathews,8 by Child,6 and byLund.7 Burr and Hovland3 ' extended
these studies to the developing embryos of salamander and chick,
and Burr and Hammett to the development of Obelia.2 More
recently, Burr and Bullock' have reported continuous records of
e.m.f. in developing salamander eggs.
In the original study on Obelia, it was noted that the potential
difference between the base of a single individual and the apex of
the embryo steadily increased in magnitude during development
with the base positive and the growing point negative. By the time
the cup of the hydranth was formed, this potential tended to reach
a maximum. However, with the advent of differentiation within
the hydranth, a characteristic change in the potential difference was
observed. At this time, protoplasm can frequently be observed to
ebb and flow within the hydranth in continuous pulsations. Corre-
lated with these pulsations were definable rises and falls in the
potential difference which, so far as the eye could see, seemed to be
simultaneous with the protoplasmic movement. In the salamander
(Burr and Bullock') it was shown that during the early stages of
development the potential differences were remarkably constant,
showing no significant changes with cell division. Presumably this
was due to the over-all character of the measurements. However,
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just before the onset of gastrulation, the potential differences
between the animal and vegetal poles showed slow and irregular
fluctuations which increased in magnitude during the process of
gastrulation. It is at this stage of development that cellular differ-
entiation begins. The implication of this observation is, that during
the process of rearrangement of the components of the cell in the
process of differentiation, variations in the electrical phenomena can
be recorded.
Moreover, the evidence in the literature and the above observa-
tions on Obelia suggest the possibility that over-all measurements of
potential difference during cell division in early development reveal
fairly constant e.m.f.'s. These tend to increase in magnitude as
the organism grows, but it is not impossible that the magnitude of
the voltage gradients is a function of the rate of cell division rather
than of the number of cells involved. Thus, the relatively slow
rates of cell division in early development might be expected to
present a fairly constant standing e.m.f. Later, with the increase in
rates of cell division, this standing potential might be expected to
increase, becoming asymptotic as the organism becomes mature.
However, fairly early in development, the process of cell division is
interrupted at intervals by the appearance of cell differentiation. In
Obelia, segregation of cells for specific purposes occurs in the
hydranths concomitant with protoplasmic pulsations. If, during
this period, it were possible to correlate accurately protoplasmic pul-
sations and differentiation with fluctuations in the e.m.f., it would
be reasonable to suppose that some significant correlation exists
between the two.
In order to determine this rigorously, however, it was necessary
to develop a technic which could record simultaneously the proto-
plasmic movement and the changing e.m.f. Ideally, this could be
done best by continuous cinematographic records of the streaming
protoplasm and of the moving galvanometer spot recording the
changes in potential difference. The technical problems involved
in such a simultaneous record are difficult, and Obelia is a delicate
animal to handle in the laboratory, at least under normal conditions.
Hence, it was deemed advisable to examine the possibility of similar
changes in the electrical records correlated with the growth of other
organisms.
In the growing roots of timothy grass and maize, it has been
possible to show similar phenomena. During the early develop-
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ment of the root, the standing potential is fairly constant, changing
only in magnitude with time, but, with the appearance of cellular
differentiation within the root, marked variations of the standing
potential are seen. Continuous electrometric records, covering sev-
eral hundred hours, have been made from the roots of these forms
with fairly constant results. At the beginning of root development,
the standing e.m.f. between the seed and root tip is about 20 milli-
volts and is astonishingly constant in time. If the hypothesis sug-
gested above is true, the electrical records would suggest that growth
is fairly uniform. Also it would follow that, if by any chance at all
the rate of growth could be increased, the standing potential should
increase in magnitude. Simultaneous photography would seem to
be the method of choice in solving this problem. Eventually, dif-
ferentiation appears in the proximal portion of the root with the for-
mation of root hairs and the change in the shape of the cells. Dur-
ing this phase of development, the electrometric records show a
marked change in the character of the standing potential. The
voltage gradient does not rise steadily but in slow oscillations of
approximately an hour's duration. Superimposed on these slow
swings are almost constant minor fluctuations varying in size from
several hundred microvolts to several millivolts. No specific pat-
tern can be recognized, only irregular rises and falls in potential.
As growth and differentiation proceed, the variability in the recorded
potential difference increases markedly, with rather abrupt potential
falls of several millivolts occurring more or less frequently at from
five- to ten-minute intervals. These will persist for an hour or
more and then disappear, to reappear several hours later. It should
be noted that this evidence of marked increase of electrical activity
is concurrent with the cellular differentiation and formation of root
hairs in the proximal portion of the root. These considerations led
to the development of a procedure by means of which it has been
possible to photograph simultaneously the growing root and the
record of the changing e.m.f.
The general plan of the apparatus is shown in Fig. 1. The
maize seed* was firmly affixed to an inverted U-shaped frame of
cork and blotting paper. This gallows frame was then enclosed in
a plastic box in the front face of which was cemented a cover-glass
* The selection of maize seed for this purpose was.suggested by Professors Sin-
nott and Burkholder, of the Osborn Botanical Laboratory, Yale University, who not
only provided the seed but contributed encouragement and advice.
583YALE JOURNAL OF BIOLOGY AND MEDICINE
window. An aperture at one side of the box permitted the intro-
duction of small electrodes into this moist chamber. The bottom
of the box was filled with water, which by capillary action travelled
up the cork and blotting paper and kept the impaled seed moist.
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FIG. 1. A diagram of the apparatus used in making a simultaneous record of growth and
changing potential differences.
Under normal conditions, in from 24 to 48 hours, a growing root
tip developed at the lower end of the seed. This continued to grow
normally and successfully, hanging in the moist air of the chamber,
and its growth was observed or photographed readily through the
cover-glass window. This moist chamber was then placed on a
stand and so adjusted that the growing root could be observed to
occupy the center of one-half of the field of a 16 mm. Cine Kodak
Special.* Behind and to one side of the moist chamber were placed
two lenses, as indicated in the diagram, which project a virtual
image of a General Electric photoelectric recorder in the back-
ground onto the other half of the field of the camera. This record-
ing galvanometer received the output of a DC microvoltmeter, the
input of which came from two silver-silver chloride electrodes from
which saline tips ran to the base of the seed and to the growing tip
ofthe root. These microelectrodes were held in a micromanipulator
so that the one resting on the tip could be moved to accommodate for
*The photographic equipment was loaned through the kindness of Professor
L. S. Stone of the Department of Anatomy, Yale University School of Medicine.
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growth. Under these conditions, with normal lighting, a one second
exposure every twelve seconds gave a quite adequate record of
changing growth and potentials. Where activity was low, the time
intervals were increased to 60 seconds in order to conserve space
and film. When projected at normal speed this, of course, means
acceleration of the time factor from 200 to 1000 times. Koda-
chrome film was used, since it was found by experience to give better
depth and definition.*
It is difficult, of course, to reproduce in stills a cinematographic
film. However, Figs. 2 and 3 reproduce tracings of the two signi-
ficant events in this
early period of root
growth. As may be
seen in Fig. 2, where 5l \ 5Tl|
the root is less than a CSrnSeed_
millimeter long, the o Tip'
voltage gradient be- e Tro _ m _
tween the seed and the
tip is approximately
20 mv., with the tip
negative. A section of
the photoelectric rec- _ _ x
ord at the right of the PRooelecricdr
figure, covering a per-
iod of from 20 to 30 Fia. 2. A tracing from one frame of a movie film showing
minutes, shows the as- stable potential differences between the root tip and the seed.
tonishing stability of the resting potential. With the increasing
length of the root, the character of the standing potential does not
change but its magnitude rises to about 50 millivolts. Hand in
hand with this there is an acceleration in the rate of growth. It
is well known, of course, that growth in the root takes place only
in the immediate vicinity of the tip while the cells which lie
proximal to it begin to elongate and take on the character of mature
root cell types. Eventually from the proximal surface cells, root
hairs are extruded as a continuation of the process of differentiation.
In Fig. 3 is shown a tracing of one frame from a later stage in
development during the time when this differentiation of the prox-
*As it now stands, this film is approximately 300 ft. long and, within reasonable
limitations, can be borrowed for showing outside of New Haven.
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imal cells is going on. The root is longer, its tip is still negative
to the seed, but the potential now fluctuates between 50 and 75
millivolts in rhythms of no very great regularity. A complete
swing may be accomplished within fifteen minutes, or may last as
long as an hour. The general wave form is not constant and shows
little except a slow rise and fall in potential. However, within
these slow, wide swings examination of the photoelectric record at
the right of the figure shows superimposed faster oscillations of
several millivolts in magnitude and at varying frequencies. This is
a highly irregular line compared to that obtained during simple
growth and is not unlike the earlier record obtained from the gas-
trulating amphibian egg. During the course of the study, a moving
picture of the growing
- - = _ =_ root was taken without
any electrical recording
device, in order to rule
5 C-F{S.>5.§S,' out any complicating fac-
CO?fl y nSd _ tor introduced by the
=I-RooITip _ electrodes. Examination
Elecirde s _ of that portion of the
film shows the curious
twisting of the tip during
growth, as has been de-
pen IF ioiacir.cic- scribed by others. The
Recorder most obvious explanation
FiG. 3. Another tracing showing fluctuations in the of the twisting is that
e.m.f. associated with differentiations. differential growth rates
exist on opposite sides of
the root tip. If this be so, electrical correlates of this difference
should 'be obtained. This will require a little more rigorous technic
and more accurate placement of electrodes, and it is hoped that this
can be accomplished in the near future. By increasing slightly the
speed of the recording paper during the electrometric records of
differentiation, it can be shown that the more rapid fluctuations in
the e.m.f. are curiously like brain waves in animals. Except for the
time factors involved, this suggests that the variations in standing
potentials in living systems are correlated with the changing activity
in the cellular components of the organism in the absence of any
overt signs of such activity.
It is clear from these studies on plants and those on animals that
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development possesses characteristic electrical correlates. During
cell multiplication in both kingdoms, over-all measurements reveal
a reasonably constant potential difference. However, in the sala-
mander (Burr and Hovland4) a steadily rising over-all potential
difference was recorded until movement indicated the presence of a
differentiated nervous system. Likewise, in the mouse (Burr,
Smith, and Strong5) the first hundred days of life showed a fairly
steady increase in over-all potential differences. This, of course,
was during the period in which
differentiation is in large measure 'Ii
completed. IIRSFeCHE5T1IUT BUD
A second phase of develop-
ment, during which the raw mate- .1
rial of new cells is converted into
differentiated cell types, shows ,
superimposed upon the standing
potential, significant fluctuations
in the e.m.f. Just what the fac
tors are which control cellular dif- 3
ferentiation are not known, other
H - .
than that they are linked in some F-T way with the chromosomes of the -
nucleus. However, the changes
in cell morphology are great, in-
volving all parts of the proto-
plasmic network and imposing
characteristic shape upon the 4
whole cell. These processes must
involve the consumption of en- FIG. 4. A segment of a photoelectric rec-
ergy and it would, therefore, ord of the changing e.m.f. in the horse-
seem to be a reasonable assump- chestnut bud during growth and differenti- seem to be a reasonable assump- ation.
tion that the fluctuating e.m.f.
reflects momentary diversion of electrical energy from the reserves
of the system.
As further evidence of this last statement, Fig. 4 is included as
a matter of record. This is an electrometric graph of the changing
potential in the growing horse-chestnut bud. It will be noted that
here, as in the root tip, we have long, slow swings in the standing
potential, superimposed upon which are periodic reductions in the
magnitude in the standing potential, approximately every three
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minutes. From the standing potential of ten millivolts, each of
these three-minute reductions represents withdrawal for a period of
a minute or thereabouts of approximately one millivolt. During
this period the bud is growing and is also differentiating.
Sumnmry
The evidence here presented suggests that during development
cell division is accompanied by slow increments in over-all potential
differences. With the onset of differentiation, this slowly rising
potential difference is complicated by fluctuations which presumably
represent the diversion of energy from the electrical reserves of the
organism, such energy being utilized by the mechanisms of cellular
differentiation. Moreover, the close correlation of changing voltage
gradients with the elements of growth and development lends sup-
port to the hypothesis that the electrical phenomena in the living
system are fundamental and are, in some measure, determiners of
the pattern of organization.
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